The size and locations of pre-synaptic ribbons and glutamate receptors within and around inner hair cells are correlated with auditory afferent response features such as the spontaneous discharge rate (SR), threshold, and dynamic range of sound intensity representation (the so-called SR-groups). To test if the development of these spatial gradients requires experience with sound intensity, we quantified the size and spatial distribution of synaptic ribbons from the inner hair cells of neonatal rats before and after the onset of hearing (from post-natal day (P) 3 to P33). To quantify ribbon size, we used high resolution fluorescence confocal microscopy and 3-D reconstructions of immunolabeled ribbons. The size, density, and spatial distribution of ribbons changed during development. At P3, ribbons were densely clustered near the basal/modiolar face of the hair cell where low SR-groups preferentially contact adult hair cells. By P12, the disparity in ribbon count was less striking and ribbons were equally likely to occupy both faces. At all ages before P12, ribbons were larger on the modiolar face than on the pillar face. These differences initially grew larger with age but collapsed around the onset of hearing. Between P12 and P33, the spatial gradients remained small and began to reemerge around P33. Even by P12, we did not find spatial gradients in the size of the post-synaptic glutamate receptors as is found on afferent terminals contacting adult inner hair cells. These results suggest that spatial gradients in ribbon size develop in the absence of sensory experience.
INTRODUCTION
The entire input to a mature mammalian type I auditory neuron is provided by a single ribbon synapse formed between an inner hair cell and an afferent neuron. But, any one inner hair cell has many ribbons of different sizes, each providing input to afferent neurons that individually differ in their response properties. Some neurons are most sensitive to low sound intensities and have high rates of spontaneous discharge (high-SR) whereas others are most sensitive to high sound intensities and have low rates of discharge (low-SR) (Liberman 1982) . Since the combined activity of these so-called BSR-groups^is important for representing a wide dynamic range of sound intensities, understanding the timeline over which these features emerge is crucial for understanding the development of sound intensity encoding.
In adult inner hair cells, the size of a synaptic ribbon opposing an afferent terminal varies depending on the response properties of the target neuron. In cats, ribbons opposing low-SR/high-threshold neurons are larger than those opposing high-SR/lowthreshold neurons (Merchan-Perez and Liberman 1996) . Large, vesicle rich ribbons are predominantly found near the modiolar face (neural side) of the inner hair cell where low-SR fibers preferentially terminate and small ribbons are found on the pillar face (abneural side) where high-SR fibers terminate (Liberman et al. 2011) . Consistent with the idea that ribbon size is associated with the response of its partner neuron, modiolar-to-pillar gradients in ribbon size are particularly prominent in the mid-frequency regions of the mouse cochlea where the greatest diversity in afferent spontaneous rates has been observed (Taberner 2005; Yin et al. 2014) . Spatial gradients in ribbon size are seen in various species, including cats, mice, and guinea pigs (Merchan-Perez and Liberman 1996; Liberman et al. 2011) , suggesting that ribbon size is generally a useful marker for functional diversity.
Although a qualitative association between ribbon size and SR-groups has been observed in several species, it is not clear how ribbon morphology contributes to differential encoding of sound intensity. Indeed, the association between ribbon size and afferent response in auditory afferents is counter to our expectation based on other systems; in the retina, synapses with large ribbons have the fastest rates of synaptic release (e.g., Mehta et al. 2013) , whereas in the cochlea, large ribbons oppose the low-SR-group. Thus, the functional properties of ribbon-bearing synapses likely rely on combinations of several preand post-synaptic mechanisms. Several pre-synaptic features could contribute to differential encoding of sound intensity. These features include spatial gradients in the size, placement, and biophysical properties of the calcium currents that trigger exocytosis (e.g., Wong et al. 2014a; Ohn et al. 2016) , as well as differences in the likelihood that such exocytosis produces mono-phasic versus multi-phasic EPSCs (Grant et al. 2010) . In zebrafish, ribbon size and the localization of calcium channels also appear to be reciprocally regulated; the ribbon-specific protein RIBEYE appears to direct the localization of Cav1.3 calcium channels whereas Cav1.3 channels appear to regulate the size of synaptic ribbons (Sheets et al. 2011 (Sheets et al. , 2012 . Post-synaptic differences such as glutamate receptor type and density (Liberman et al. 2011) and ion channel heterogeneity (e.g., Liu and Davis 2007) may also contribute to the differential response properties of spiral ganglion neurons. Whether ribbon size is causally or consequentially related to differential synaptic function is a matter of debate (a recent study by Kantardzhieva et al. (2013) argues for the latter). Nevertheless, ribbon size is strongly correlated with afferent neuron sensitivity to sound intensity. Here, we sought to characterize the developmental timeline over which such spatial gradients in ribbon size emerge in rats.
Neonatal rats have been commonly used for studying the electrophysiology of hair cells, synaptic release, and afferent terminals (e.g., Glowatzki and Fuchs 2002; Grant et al. 2010; Yi et al. 2010; Rutherford et al. 2012) , but the temporal sequence over which their synapses take on spatially distinct features has not been characterized. In this study, we quantified the spatial distribution and size of synaptic ribbons and post-synaptic glutamate receptor clusters by fluorescence confocal microscopy in early postnatal rats. We also compared the timeline for synaptic development to changes in the overall pattern of innervation. By quantifying the spatial distribution and size of ribbons and glutamate receptors during the period when significant synaptogenesis and refinement occurs, we establish a time line for the functional differentiation of the auditory nerve.
We show that spatial gradients in synaptic ribbon size are already present in immature inner hair cells well before the onset of sensory and conductive hearing, and thus likely to develop independent of experience with sound intensity. However, the gradients in glutamate receptors, that are expected in the mature animals, do not develop by the onset of hearing, leaving open the possibility that postsynaptic differentiation is susceptible to sensory input.
METHODS

Preparation
Temporal bones in rats from post-natal (P) day 3 through P63 were dissected in chilled and oxygenated Leibovitz-15 (L-15) medium supplemented with 10 mM HEPES (pH 7.4, ∼315 mmol/kg). Between 3 and 7 cochleae contributed to the data set at most ages. One sample was examined at P63, but the immunolabeling for CtBP2 was not bright enough to quantify.
Dissection began by removing the bony covering of the otic capsule to reveal three turns of the cochlea. Sharp scissors were used to separate the apical, middle, and basal turns. Our analyses focused on the middle cochlear turn where gradients in ribbons size and spontaneous rates are most striking (Yin et al. 2014) . The stria vascularis and other overlaying membranous layers including the tectorial membrane were removed using fine forceps. Animals older than P12 were euthanized and intra-cardially perfused. The otic capsule was removed, the apical cap was cracked, and the whole cochlea was perfused through the basal turn for 15 min with chilled 4% paraformaldehyde. Next, cochleae were dissected into three turns (either before or after decalcification for 2 to 3 days in EDTA). Then each cochlear turn was processed for immunolabeling as described below.
Immunohistochemistry
Cochlear samples were attached to a glass coverslip using the tissue adhesive CellTak (Corning) and placed in a culture well. Immobilizing the sample prevented damage during the solution transfers needed for the fixation, wash, and incubations steps of the immunolabeling procedure. All subsequent immunolabeling steps were performed in the same well with the samples so immobilized.
Next, samples were fixed in 4 % paraformaldehyde for 15 min at room temperature followed by three rounds of gentle washing in phosphate-buffered saline (PBS). Then, the preparation was incubated for 1 h at room temperature in a blocking/dilution buffer consisting of 16 % normal goat serum, 0.3 % Triton X, 450 mM NaCl, and 20 mM phosphate buffer. All primary and secondary antibodies were diluted at a ratio of 1:200 in the above dilution buffer. Preparations were incubated in dilutions of primary antibodies at 4°C for between 16 and 20 h. Incubations in Alexa Fluor-conjugated secondary antibodies were for 1 h at room temperature. Following the primary and secondary incubations, we washed the samples for three 15 min rounds in 1× PBS.
The following primary antibodies were used to label the following structures: (1) anti-CtBP2 mouse monoclonal IgG (Becton Dickinson Company) to label the synaptic ribbon-specific protein RIBEYE, (2) anti-myosin-VI-rabbit poly clonal (Proteus Bioscience Inc.) to label the cytoplasm of inner hair cells, (3) anti-GluR2/3 rabbit poly clonal IgG (Millipore) to label post-synaptic receptors, (4) anti-beta III tubulin mouse IgG2a (TUJ1; Covance) to label all cochlear neurons, (5) anti-calretinin rabbit polyclonal (Swant 7699 or Swant 7697) to label cochlear afferents and hair cells, and (6) phalloidin to label hair bundles. The following secondary antibodies acquired from Life Sciences Inc. were used: Alexa Fluor 488 antimouse, Alexa Fluor 594 anti-rabbit, and Alexa Fluor 633 anti-goat. Samples at different ages were typically processed on different days when animals of the correct age became available. Samples from several experiment days were pooled to provide the data at any particular age.
Imaging
Fixed and immunolabeled samples were mounted under a glass coverslip and onto glass slides with the fade-protectant medium Vecta-shield (Vector Products). Hardened nail polish dots were placed under the coverslip to prevent it from crushing the cochlear sections.
We generated a series of z-stack images of immunofluorescent signals using an Olympus FV1000 laser scanning confocal microscope with a 60×, 1.42 numerical aperture, oil immersion objective, with a threefold zoom. The scanning format was set to collect 1024 × 1024 pixels yielding a sampling resolution of 0.069 μm/pixel in the lateral dimension (x-y). Sections were acquired with z-steps of 0.49 μm with pinholes set at 1 Airy unit. To minimize photo bleaching, we limited high-resolution scans to the very basal pole of the hair cells where the cell nucleus, ribbons, and glutamate signals were confined.
In samples with more than one fluorescent signal, each channel was scanned in sequence with the same optical section thickness. Laser power, gain and offset settings for each channel were carefully set to optimize the dynamic range of the fluorescent signal in each sample (between 0 and 4095). Because the brightness of the fluorescent signal can vary from sample to sample, here, as in other similar studies (e.g., Liberman et al. 2011; Yin et al. 2014) , estimates of relative ribbons sizes within individual samples are likely more robust than estimates of absolute ribbons sizes. As a result, in most figures, volume estimates based on the fluorescent signal were compared across samples only after normalizing by the median value within each sample (e.g., Liberman et al. 2011) .
Analysis
3-D reconstructions and volumetric analysis of CtBP2-and GluR2/3-labeled structures were done offline using the Surface Object toolbox of the image processing program Imaris (Bitplane by Oxford Instruments). In a preliminary analysis, image segmentation and 3-D reconstruction was performed using a different program (Amira; Visage Imaging). Results were consistent across both software platforms. All quantification was based on the raw data without applying deconvolution filters.
The segmentation procedure was an iterative process in which the investigator selected thresholds for fluorescence intensity and parameters that defined the minimum size of objects (approximately greater than 10 voxels). The average threshold value was 470 ± 170 SEM (from a possible range of values from 0 to 4095). Based on these parameters, the surface rendering algorithm constructed a 3-D isointensity surface to represent each object (see Fig. 2 ). The volume of the surface object was proportional to the number of voxels encompassed by the surface. In several samples, we compared the integrated fluorescence intensity to the surface volume of the segmented ribbons. The integrated fluorescence intensity was computed as the sum of voxel intensities (greater than the threshold value) that were within the reconstructed surface. Because estimates of ribbon volume were highly correlated with estimates of integrated fluorescence intensity (r 2 = 0.98), in most of the analyses, we reported ribbon size in terms of normalized volume.
The Cartesian coordinates of the center of mass and volume of each reconstructed surface object was exported as an excel spreadsheet that could be analyzed offline. We quantified the number and spatial distribution of ribbons within individual hair cells using custom programs in MATLAB. Segmenting Ribbon Clusters. Sometimes ribbons were located in a dense cluster which the automatic segmentation detected as one large surface (Fig. 2) . To separate such merged clusters, we exploited the stereotypical Btear drop^shape of individual ribbons (Fig. 2a) to fine-tune the parameters for the segmentation procedure. The tear drop shape results from the non-uniform 3-D point-spread function of the optics. Even in a tight cluster of ribbons, the potential boundaries of individual ribbons could be inferred from the tapering of the teardrops. Visual inspection of these fused elements allowed us to carefully Bsplitm erged ribbons into individual objects. The extra care in segmenting was most important at P3 where ribbons were densely clustered. Although the strategy allowed us to identify and separate many merged objects, it is still possible that some large ribbons were actually closely clustered ribbons that we could not reliably resolve with the optical resolution of the system. Once a reasonable parameter set was defined it was applied uniformly to all the hair cells evaluated in the sample. Statistics. Statistical significance was determined by subjecting the data to a two-way unbalanced analysis of variance (ANOVA) for age and spatial position. This was followed by a post hoc univariate analysis of variance at each age between P3 and P12 with a Bonferroni correction applied for multiple comparisons. Statistical analysis was performed in MATLAB and cross-checked by the software package JMP (SAS Institute Inc.). Controls. In adult inner hair cells, opposing gradients in the size of GluR2/3 and CtBP2 puncta served as an internal control against potential scanning artifacts. This internal control was not possible in these immature animals because the immunolabel for glutamate receptors GluR2/3 formed a tight net around the hair cell rather than punctate plaques that are closely juxtaposed across from each ribbon. Moreover, gradients in the size of GluR2/3 plaques may be a developmentally acquired feature (as our data suggest); therefore, we could not assume that the opposing gradients in the size of the glutamate receptor would serve as an internal control against scanning artifacts. Instead, we ran control experiments in which we compared gradients in ribbon size after varying the sample mounting orientation and scan directions. The purpose of these controls was to test if scanning artifacts due to differences in light penetration resulted in the ribbon size gradients.
To test if differences in light penetration/exposure influenced ribbon gradients, we quantified volumes in samples that were mounted in two orientations: with the hair bundles of outer hair cells facing up towards the coverslip or with the hair bundles facing down towards the coverslip. Since inner hair cells are tilted, the modiolar face of the inner hair cell was closer to the glass coverslip in the bundles up orientation, whereas the pillar face was closer in the bundles facing down orientation. Although the relative distance between the excitation light and ribbons was different in the two conditions, ribbons were larger on the modiolar face than on the pillar face in both conditions.
Next, we tested if differences light bleaching from different exposure times to the excitation laser could create size gradients as an artifact. Because the ribbons that are imaged later during the scan are exposed to the laser light for longer durations than those that are scanned earlier, we were concerned that they would experience more photo bleaching. Differential photo bleaching could erroneously create a size gradient in ribbon size where none existed. To test this, we scanned samples from basal to apical pole of the hair cell and vice versa. Regardless of scanning directions, the ribbons on the modiolar face of the inner hair cell were, again, on average larger than those on the pillar face (Fig. 3f) .
Finally, in a subset of samples, we tested if defining ribbon size as integrated fluorescence intensity (see above for how we defined this measure), rather than volume, would yield different results. A linear regression analysis suggested that the two measures were highly correlated (r 2 ∼0.98). Our general conclusion that modiolar-facing ribbons were larger than pillarfacing ribbons before P12 was not dependent on whether we defined ribbons size based on reconstructed volumes or integrated fluorescence intensity (see violin plots in Fig. 2g ). We further tested if the brightest elements in the sample were biasing the statistics by comparing the modiolar to pillar ribbon sizes after eliminating the brightest elements ( Fig. 2g ; bracketed ribbons removed); the average ribbon size (volume or integrated intensity) was still larger on the modiolar face.
RESULTS
We describe the developmental timeline of inner hair cell synaptic structures and innervation in two parts. First, we describe developmental changes in synaptic ribbon number, spatial distribution, and spatial gradients of ribbon volumes. Second, we describe the concurrent development of post-synaptic glutamate receptor plaques and cochlear innervation.
Developmental Changes in Pre-synaptic Ribbons
Ribbons were analyzed in whole mount preparations from the middle turn of cochleae in 35 rats ranging in age between P3 and P38. To characterize the development of pre-synaptic ribbons, we immunolabeled ribbons by using an antibody against the C-terminal binding-protein component of the ribbon-specific protein, RIBEYE (Schmitz et al. 2000; Maxeiner et al. 2016) . As previously described, antibodies against CtBP2 brightly label synaptic ribbons and dimly label the nuclei of inner hair cells (Khimich et al. 2005) . To visualize the distribution of ribbons relative to the orientation of the hair cells, we labeled the cytoplasm of the hair cell with myosin VI. Figure 1 shows example maximum intensity projections (in the x-y and x-z dimensions) of high-resolution confocal zstacks from cochleae at different ages.
The Number and Distribution of Ribbons Within Inner Hair
Cells. Bright spots corresponding to ribbons were found in both inner and outer hair cells at all ages (Fig. 1e, f) . During the first post-natal week, the number and size of the CtBP2 plaques corresponding to ribbons in the outer hair cell were numerous with bright immunofluorescence. Although ribbons were visible in OHCs throughout the age range examined, their prevalence and size decreased dramatically as the animal aged (faint ribbons at P33 are marked by arrowheads in Fig. 1e, f) .
The number and distribution of inner hair cell ribbons also changed during development (Fig. 1) . At P3, ribbons were tightly clustered under and around the flanks of inner hair cells' nuclei. By P12, ribbons appeared more uniformly distributed around the circumference of the nucleus (Fig. 1d) . Although there was little myosin VI immunofluorescence under the nucleus, by P33, the ribbon were located in a myosin VI-labeled area in the basal pole under the nucleus.
To quantify such age-dependent changes in numbers and spatial positioning, we analyzed ribbon size as an estimate of volume from 3-D reconstructions of fluorescently labeled CtBP2-enriched puncta. In some cases, the ribbons were closely positioned and the segmentation procedure required hand tuning to separate closely clustered ribbons into putative single ribbons ( Fig. 2 ; see the BSegmenting Ribbon Clustersŝ ection for more details). In some samples, we examined both the reconstructed ribbon volumes and the integrated fluorescence intensity ( Fig. 2g ; see the BControls^section for more details); results were similar for both methods of analysis. In any one sample, we analyzed all the ribbons from three adjacent inner hair cells per cochlear middle turn. Ribbon number per hair cell and position was defined in at least three animals (often 5-6 cochleae) per age. To reduce the variance in our assignment of modiolar versus pillar position, in each sample, we chose hair cells whose nuclei were well aligned in the x-y and x-z dimensions.
To demarcate the modiolar versus pillar sides of an inner hair cell, we drew a line through the center of the hair cells from its cuticular plate to basal pole (Fig. 1a-f) . The orientation of the hair cell was defined either by antibodies against myosin VI (labels the cytoplasm of an inner hair cell) or phalloidin (labels the stereocilliary hair bundles). This axis line was extended in the z dimension to define a plane that bisected the hair cell into its modiolar and pillar halves. Since hair cell orientation changes as the tunnel of Corti opens during development (Roth and Bruns 1992), this bisecting plane was separately defined in each sample. In a few samples without colabeled landmarks (e.g., Fig. 1e, f) , the central axis was defined relative to the position of the inner hair cell's nucleus (faintly reactive to the CtBP2 antibody) and the CtBP2 reactive ribbons in the three rows of outer hair cells. Zoomed in slices of the basal pole of inner hair cells in the x-z dimension are shown in Fig. 2h -k. Transmitted light images (not shown) with a differential interference contrast (DIC) filter were additionally useful for verifying hair cell orientation.
We found a significant age-dependent decrease in the number of ribbons per hair cell. In Figure 3a , interquartile box plots show the total number of ribbons/hair cell and the number of ribbons on either the pillar or modiolar face. The overall number of ribbons per hair cell decreased with age (Fig. 3b) ; the average number of ribbons at P3 was nearly double to that at P12 (approximately 45 per hair cell down to 25 per hair cell (green symbols, Fig. 3b) . Along with the decrease in overall ribbon numbers, the proportion of smaller ribbons was greater at P3 than at P12 (see histograms in Fig. 3e ). Such agedependent changes in ribbon numbers and volumes is consistent with previous observations in developing retina and cochlear hair cells, where small spherical ribbons in immature cells fuse to coalesce into the larger ribbons of the mature cell (Sobkowicz et al. 1982; Hermes et al. 1992; Wong et al. 2014b) . Spatial Gradients of Ribbon Size. Next, we compared the relative volumes of modiolar-facing and pillar-facing ribbons. Until about P12, larger ribbons were preferentially located about the modiolar face of the hair cell (Fig. 3b) . Moreover, the relative difference in ribbon volumes increased systematically between P3 and P10 (Fig. 3c) . Unexpectedly, this trend collapsed by P12, when the volume differences between the modiolar and pillar faces was not as striking as it was for the preceding three time points (although the difference was still statistically significant). The size difference between modiolar-and pillar-facing sides almost appears to reverse by P16, but, the reversal did not reach statistical significance (p 9 0.01). By P33, a Images are maximum intensity projections from confocal scans of cochlear middle turns of rats at P3, P6, P10, and P12. Samples are immunolabeled against CtBP2 to visualize ribbons and hair cell nuclei (green) and myosin VI to visualize hair cells (red). Note that the samples in c and d were mounted in the opposite orientation relative to a and b but all images in the x-z plane are oriented to show the apical pole of the hair cell at the top of the image. The immunolabeled inner hair cell was used to define a plane to bisect the inner hair cell into pillar-facing and modiolar-facing halves. e-f Images at P16 and P33 were made without the antibody for myosin VI to label the cytoplasm of the hair cell. Yellow arrowheads show the position of ribbons in the outer hair cell. Scale bar applies to all images. Red bars adjacent to images indicate the scan area over which the maximum intensity projections were made.
small gradient in ribbons size with larger ribbons on the modiolar face appears to be emerging. Previous studies in adult mice have shown that gradients in ribbon size are less striking in cochleae that are damaged by noise exposure. We do not think that damage was the reason that ribbon size gradients collapsed at P12 because we only analyzed samples in which all rows of inner and outer hair cells were visible with no obvious structural damage. In the worst-case scenario, our data included samples where the extreme edges of the cochlear turn showed some missing outer hair cells. Even in these samples, we only quantified ribbons in inner hair cells whose partner outer hair cells were clearly free of damage. Even so, when we further filtered our samples to only include data from the most pristine preparations, the volume differences were not considerably different. In summary, these data show that there is a difference in ribbon size between the modiolar and pillar face as early as P3. This difference grows between P3 and P10 and experiences an unexplained reduction around P12. This collapse in ribbon size persists into the third post-natal week and appears to be re-emerging by around P33.
The spatial gradients in ribbon size we found were not a result of scanning artifacts. To control against light penetration/exposure artifacts, we quantified volumes in cochlear samples that were mounted and scanned in two orientations ( Fig. 3f ; see methods for details). Neither scanning direction nor mounting 
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direction influenced the general conclusion that modiolar-facing ribbons were on average larger than pillar-facing ribbons (Fig. 3f (F.3) ).
Developmental Changes in Post-synaptic Receptors and Innervation
Previous studies on adult mouse cochleae reported that there are gradients in the size of post-synaptic GluR2/3 receptor plaques that oppose the gradients in pre-synaptic ribbons, with larger receptors plaques found on the pillar side of the hair cells and smaller plaques on the modiolar side (Liberman et al. 2011) . It has been suggested that these gradients may contribute to the varied responses of the SR-groups and to their differential vulnerability to toxic noise exposure (Liberman et al. 2011; Furman et al. 2013 ). Since we found that size gradients for ribbons emerged early during development, we wanted to see if there were concurrent changes in the spatial distribution and size of post-synaptic receptors and afferent fibers.
The Pattern of Glutamate Receptor Expression During
Development. At P3 and P6, the labeling for GluR2/3 receptors formed a dense net-like pattern around the base of the hair cell (Fig. 5a, b , see also e for a zoomed in view). This dense labeling is consistent with previous reports from developing mouse cochleae (Huang et al. 2007; Sendin et al. 2007 ). Since the dendrites of individual type I SGN have many branches during early development (e.g., Echteler 1992), the thick net of labeling may correspond to each fiber making multiple glutamate receptor bearing contacts with individual hair cells. Here, the labeling was too dense in P3 and P6 animals to resolve individual pairings between ribbons and glutamate receptor patches (Fig. 5a, b) . However, by P9 and P12, the labeling for GluR2/3 patches was more punctate so that juxtaposed pairings between CtBP2 and GluR2/3 patches were better resolved (more akin to the one-to-one pattern in adult cochleae) (Fig. 5c, d , see also zoomed view in e). Using 3-D reconstructions from the z-stack images of GluR2/3 patches, we quantified their volumes at P9 and P12 (Fig. 5f ). Unlike the differences seen in pre-synaptic ribbon volumes, we did not find that the volumes of GluR2/3 patches differed between the pillar and modiolar faces.
Changes in Patterns of Afferent and Efferent Innervation
Revealed by Calretinin and β-3 Tubulin Immunoreactivity.
Next, we examined how patterns of cochlear innervation changed between P5 and P13. We visualized nerve fibers with two antibodies: an antibody against β-3 tubulin to label all cochlear nerve fibers (Hallworth and Ludueña 2000) and an antibody against calretinin with the goal of labeling hair cells and type I afferent fibers (e.g., Liu and Davis 2014). At both P5 and P13, β-3 tubulin labeled the following structures: radial fibers crossing into the organ of Corti (rf), a dense network of fibers under the inner hair cell (ihc), tunnel crossing fibers (tc), and a dense network of fibers running under all three rows of outer hair cells (ohc1-3) (Fig. 5a, d ). At P5, there were many fibers clustered about the modiolar face of the inner hair cell, and few fibers about the pillar face (Fig. 5g , compare the labeling density at p and m). By P13, we did not see such a striking disparity in labeling density between the two sides (Fig. 5f ). This developmental change in the overall distribution of fibers is consistent with Figures 3 and 4 where we described that ribbons and glutamate receptors were also densely clustered about the modiolar face at early post-natal ages and become more uniformly distributed by P12.
FIG. 3. Spatial distribution and quantification of ribbon volumes.
The number, spatial distribution, and volume of ribbons changed during the first week of development. a Interquartile box plots showing the median, minimum, maximum, and interquartile ranges for the number of ribbons per hair cell (gray). Blue and orange box plots show the number of ribbons on the modiolar and pillar faces, respectively. Small x's and connecting lines represent mean values from each cochlea (5 cochleae contributed to the data at P3). b The total number of ribbons (green) per hair cell decreased with age and ribbons were less numerous on the pillar face (2-way ANOVA, p = {G0.001, 0.009}). Symbols show the mean ±SEM from 3 or more cochleae per age (number of cochleae are shown in the parenthesis below the symbol). Curves show a smoothed trend line through the data. At P3 and P6, more ribbons occupied the modiolar face (blue symbols) of the inner hair cell than the pillar face (red). By P9, the difference in spatial distribution was no longer significant and similar numbers of ribbons were found on both sides of the hair cell. p values for the modiolar versus pillar comparison were computed by a post hoc univariate analysis of variance with a Bonferroni correction to account for multiple corrections. Two asterisks indicate p values below 0.005; one asterisk indicates a p value less than 0.05. c Interquartile box plot for ribbon volume (normalized by the median value in each sample) from six middle turn cochleae at P6. Lines connect the data points belonging to the same cochlea. d Normalized ribbon volumes were, on average, larger on the modiolar face than on the pillar face, but this difference was age dependent (2-way ANOVA by age and position, p = {0.0015; G0.001}). Blue squares show the mean ±SEM ribbon volume for modiolar-facing (blue squares) and pillar-facing ribbons (red triangles). Between P3 and P12, modiolar-facing ribbons were larger than pillar-facing ribbons. e Histograms of ribbon volumes aggregated from all samples at P3 (red) and P12 (blue). Compared to the distribution of ribbon volumes at P12, a larger proportion of ribbons were very small at P3. f Controls confirm that spatial gradients in ribbon size are not scanning artifacts. F.1 and F.2 Schematic of samples mounted with hair bundles pointing towards the coverslip (triangle,^) and away from the coverslip (squares). Scan direction from basal towards apical poles of hair cell (open symbols). Scan direction from apical towards basal pole of hair cell (closed symbols). F.3. Ribbon volumes estimated in three samples (^, triangle, and square). The latter two with scan direction varied within the same sample (as described in F.1 and F.2). Relative difference in ribbon volume was not dependent on scanning format.
The labeling pattern for calretinin was only partially overlapping with the pattern for β-3 tubulin. Under the inner hair cells, calretinin labeled most but not all of the β-3 tubulin-enriched fibers (see merged images Fig. 5c and a zoomed version Fig. 5g) . A group of fibers that were enriched for β-3 tubulin, but not for calretinin ended in the neuropil around the modiolar face of the inner hair cell (see purple asterisk in Fig. 5c, g ). Some of these fibers also followed a different pathway into the inner hair cell area than Confocal images of cochlear samples from P3, P6, P9, and P12 rats. Samples are immunolabeled against GluR2/3 to visualize postsynaptic glutamate receptors (red) and against CtBP2 to visualize pre-synaptic ribbons (green). In one sample, phalloidin was used to label hair bundles. At P3, the labeling for GluR2/3 forms a dense net around the basal pole of the hair cell. By P9 and P12, punctate pairings between individual CtBP2 and GluR2/3 patches were resolvable. e At P9 (open circles) and P12 (closed squares), GluR2/ 3 volumes were not different between the modiolar and pillar faces. overlapping. c At P5, thin fibers that do not label for calretinin terminate in the neuropil about the modiolar face of the inner hair cell (double arrowheads and purple asterisk; also see g). g A zoomed in view of the merged image in c. h A cross-section through an inner hair cell at P13 showing a patch of fibers on the modiolar face that are not labeled for calretinin. Images in all panels are maximum intensity projections. Scale bar in a applies to a-f.
did the calretinin-enriched fibers (see double white arrow heads; Fig. 5c, g ). By P13, we did not see such blind endings in the neuropil but still saw a patch of β-3 tubulin enriched but calretinin-poor fibers on the modiolar face of the inner hair cell ( Fig. 5g ; see purple asterisk in the cross-section). Although some of these calretinin-negative fibers could be olivocochlear efferents (which are known to be immunoreactive for β-3 tubulin; Hallworth and Ludueña 2000), we cannot rule out the possibility that some of them could be branches or filapodia of developing type I afferents. Consistent with this suggestion, calretinin is differentially enriched in the cell bodies of type I afferents with some cell bodies labeling more robustly for calretinin than others (Liu and Davis 2014). The labeling patterns for calretinin and β-3 were also different under the outer hair cells. Calretininenriched fibers only reached the first two rows of outer hair cells at P5, but reached all the way to the third row by P13. In contrast, the β-3 tubulin-enriched fibers formed a thick network under all three rows of hair cells by P5, and this persisted to P13 (white arrows, Fig. 5c ).
Our results suggest that calretinin is not an exclusive marker for type I afferents and hair cells but also labels the MOC efferents. Based on previous studies in mice, the type I projections into the outer hair cell regions should prune back to exclusively innervate the inner hair cells by the onset of hearing (∼P12) (Echteler 1992; Huang et al. 2007; Defourny et al. 2011) . Here, the calretinin-selective fibers under the outer hair cells did not prune back by P13 but expanded out into the third row of outer hair cells (Fig. 5b, e, white arrowheads) . This timeline suggests that the calretinin-enriched fibers under the OHCs at P13 are medial olivocochlear efferents (MOCs). In altricial rodents, MOCs innervate the cochlea in a progressive wave starting with axo-somatic contacts at the inner hair cell, moving into the first row of outer hair cells around P5 and reaching all three rows by the onset of hearing around P12 (Simmons et al. 1990 (Simmons et al. , 1996 Simmons 2002; Bergeron et al. 2005) . Also, consistent with their being MOCs, once the calretinin-enriched fibers reached the outer hair cell area, they turned in both apical and basal directions (Fig. 5e, yellow arrowheads) . Taken together, these data suggest that the calretinin-enriched fibers under the outer hair cells at P13 (possibly also at P5) are likely to be those of the MOCs.
DISCUSSION
Cochlear synapses undergo many changes before the onset of hearing. Here, we described the developmental timeline over which the distribution and spatial gradients in pre-synaptic ribbons, postsynaptic glutamate receptor plaques, and the patterns of cochlear innervation change in rat cochleae. Our results show a general timeline for synaptic maturation in inner hair cells where the number and distribution of synaptic ribbons and glutamate receptor plaques appears to be mature by the onset of hearing (∼P12). We found that modiolar-to-pillar gradients in ribbon size emerged as early as P3 but continued to change until well after the onset of hearing.
Timeline for Pre-synaptic Development
The number of synaptic ribbons per hair cell decreased during the first post-natal week and reached mature levels by P12. This developmental timeline is similar to that in mice where synaptic features such as decrements in ribbon numbers, size of calcium currents, coupling between calcium currents and exocytosis, and the biophysics of calcium dependent exocytosis are nearly mature by P12 (Beutner and Moser 2001; e.g., Sendin et al. 2007; Defourny et al. 2011; Huang et al. 2012; Johnson et al. 2013a ). Moreover, we found that the proportion of very small ribbons is greater at P3 than at P12. This is consistent with the observation in mice that, between P3 and P12, ribbons coalesce from small spherical structures to larger plate-like structures (Sobkowicz et al. 1982; Wong et al. 2014a) . Whether the changes in ribbon size, as assessed here by fluorescence confocal microscopy, truly reflect differences in absolute ribbon volume requires higher resolution imaging techniques (for discussion, see Rutherford 2015) .
Modiolar-to-pillar gradients in ribbon size emerged by P3 (the earliest time point examined here), the difference peaked around P6 and then experienced a sudden decrease around the onset of hearing. After the onset of hearing modiolar-to-pillar ribbon gradients showed the first signs of re-emerging well after the third post-natal week. This surprisingly fluctuating timeline for spatial gradients is strikingly similar to that recently reported in mice (Liberman and Liberman 2016). We even saw a trend in which gradients in ribbon size appeared to reverse around P16, with larger ribbons on the pillar face and smaller ribbons on the modiolar face. Although we concluded that the trend did not reach statistical significance here, it is notable that a similar trend for reversal is also seen in mice. Overall, these results suggest that the temporal dynamics of synaptic development described here is not species specific and is robust to laboratory-specific variations in experimental technique and definitions of spatial position. Notably, a recent study in P14 mice also showed modiolar-to-pillar gradients in ribbon size and calcium channel properties (Ohn et al. 2016) . Of particular interest, they found that calcium currents were larger and had more depolarized thresholds on the modiolar face of the inner hair cell. The latter feature suggests a plausible mechanism by which inner hair cell synapses could be heterogeneously sensitive to sound intensity. Although our experiments do not extend out to full maturity, we expect that ribbon size gradients will fully re-emerge in mature rats, as they do in mice, because the auditory neurons of both species are similarly grouped by their spontaneous rates and threshold (Barbary 1991; Taberner 2005) .
Mechanisms Driving Spatial Gradients
The early emergence of gradients in ribbons size suggests that this specialization is not driven by experience with sound. At P3, when we first saw gradients in ribbon size emerge, activity in the auditory nerve is largely driven by bursts of spiking from inner hair cells rather than by sound-driven graded receptor potentials (e.g., Kros 1998; Beutner and Moser 2001; Tritsch and Bergles 2010; Johnson et al. 2011) . While the outer hair cells in mice are capable of transducing mechanical input as early as the first post-natal day, transduction currents are still immature (Waguespack et al. 2007 ). The first indication of sound-driven function in rats can be measured as bone conduction auditory brainstem responses (ABRs) sometime between P7 and P9 (Geal-Dor et al. 1993) . Robust air conduction ABRs are only measurable around P12 (e.g., Jewett and Romano 1972; Geal-Dor et al. 1993) . In cat, distinct SR-groups in the responses of auditory neurons are seen well after the onset of hearing (e.g., Walsh and McGee 1987) ). Taken together with this timeline, our results suggest that gradients in ribbon size (which eventually contribute to the encoding of a wide range of sound intensities) can develop in the absence of rich sensory experience. These results support the growing suggestion that such gradients are driven by polarized micro-environments around the inner hair cell (e.g., Graham and Vetter 2011; Yin et al. 2014) .
A current hypothesis is that such microenvironments are created by proximity to olivocochlear efferents (Yin et al. 2014) . Several recent observations support this suggestion. First, efferents are necessary for the normal development of inner hair cell synapses (Johnson et al. 2009 , Johnson et al. 2013b . Second, there are complementary gradients in efferent terminal density such that the balance between large and small ribbons in any one hair cell is correlated with the relative distance between the efferents and the basal pole of the inner hair cell (Yin et al. 2014 ). Third, surgical or developmental disruption of efferents collapses the modiolarto-pillar gradients in ribbon and glutamate receptor sizes (Yin et al. 2014; Hickman et al. 2015) . Given the fluctuating timeline for ribbon size shown here, the prediction is that efferent-driven gradients must be present very early in development and continue to change through the onset of hearing and beyond. There is considerable evidence supporting this suggestion. Medial olivocochlear efferents make temporary axo-somatic contacts with inner hair cells during early development but by the onset of hearing they almost exclusively innervate outer hair cells (Simmons et al. 1996; Bergeron et al. 2005; Huang et al. 2012) . Similarly, the lateral olivocochlear efferent arrive at the inner hair cell a few days after the medial olivocochlear efferents and the balance between the two efferent systems continues to change through the onset of hearing (reviewed in Simmons 2002). The dynamic nature of efferent innervation during development may explain the serpentine timeline for ribbon gradients that we have characterized.
Timeline for Emergence of SR-Groups
Although gradients in ribbon size emerged as early as P3, we did not find opposing gradients in glutamate receptor size even by P12. These results suggest that the differentiation of the post-synaptic receptor plaques lags behind that of the pre-synaptic ribbons and may yet depend on sensory experience. Alternatively, size gradients in post-synaptic receptor plaques may have been too subtle during early development to resolve with the present techniques (even in adult mouse cochleae the size gradients in glutamate receptor patches are less striking than they are for synaptic ribbons (Liberman and Liberman 2016) . Consistent with the suggestion that post-synaptic maturation may continue well after the onset of hearing, immunolabeling shows that the expression and distribution of ion channels at the spikegenerator of rat auditory nerve fibers continues to mature till P30 (Kim and Rutherford 2016). Such post-synaptic immaturities could also account for the observation that the one-to-one fidelity between EPSPs and spikes that characterized adult guinea pig inner hair cell synapses (Siegel 1992) does not occur in rats for almost a week after the onset of hearing (Rutherford et al. 2012) .
CONCLUSION
Ribbon synapses are found in many neuronal systems where rapid and sustained release of neurotransmitter is needed (e.g., retina, vestibular system, and lateral line). Although the role of the ribbon itself in the mature function of the synapse is yet to be fully understood, emerging evidence suggests that it has a crucial role in synaptic formation and stabilization. In zebrafish lateral line, RIBEYE, a dominant component of the dense core of the ribbon, plays an important role in ribbon synapse formation by controlling the clustering of calcium channels and the formation of synaptic contacts (Sheets et al. 2011 (Sheets et al. , 2012 . Moreover, ribbon size and calcium channels appear to be reciprocally regulated (Sheets et al. 2012) . These results are also consistent with the recent observation that number of calcium channels and their activation thresholds are correlated with ribbon size in mouse synapses (Ohn et al. 2016) . The formation of synaptic contacts also appears to be independent of neurotransmission because synaptic contacts form even when vesicles are not filled with glutamate (Nagiel et al. 2009 ). Taken together, these studies suggest that the structure of the ribbon itself plays a crucial role in synaptogenesis.
The present finding that spatial gradients in ribbon morphology emerge within developing inner hair cells well before the onset of hearing suggests that this key anatomical marker for functional diversity is tuned early in development when mechano-electrical transduction (although present, Waguespack et al. 2007 ) is not fully mature. These results support the notion that micro-environments surrounding the inner hair cells lay the ground work for the eventual functional differentiation of auditory afferents. However, because gradients in glutamate receptor size-which have also been associated with functional diversity-did not develop in close synchrony with gradients in ribbon size, these micro-environments alone may not be sufficient for driving post-synaptic differentiation. Whether post-synaptic differentiation is explicitly tuned by sound-evoked activity remains to be determined. The importance of LOC efferents to maintaining spatial gradients in ribbon size and glutamate receptor plaques supports the suggestion that stimulus dependent feedback is important for maintaining functional diversity (Yin et al. 2014 ). Defining the timeline over which post-synaptic markers of afferent function (e.g., post-synaptic receptor size and subunit composition, afferent fiber diameter, and mitochondrial content) are acquired would be helpful in answering this question.
